Percolative phase separation induced by nonuniformly distributed excess oxygens 
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The zero-field ^^^La and ^^Mn nuclear magnetic resonances were studied in Lao.8Cao.2Mn03+« 
with different oxygen stoichiometry 5. The signal intensity, peak frequency and line broadening of 
the ^'^^La NMR spectrum show that excess oxygens have a tendency to concentrate and establish 
local ferromagnetic ordering around themselves. These connect the previously existed ferromagnetic 
clusters embedded in the antiferromagnetic host, resulting in percolative conduction paths. This 
phase separation is not a charge segregation type, but a electroneutral type. The magnetoresistance 
peak at the temperature where percolative paths start to form provides a direct evidence that phase 
separation is one source of colossal magnetoresistance effect. 

PACS number : 75.30.Kz, 75.25.+Z, 76.60.-k 

Since the discovery of colossal magnetoresistance 
(CMR) effect in Lai-xCaxMnOg (LCMO) §, many the- 
oretical and experimental works have been done to find 
the physical mechanism of CMR effect because of their 
interesting physical properties and application potential. 
The first explanation of the most interesting physical 
property of LCMO, the simultaneous occurrence of the 
paramagnetic to ferromagnetic and insulator to metal 
transitions, was the simple double exchange model given 
by Zener in 1951 ||^. However, Millis pointed out that 
the resistivity of Sr-doped manganites cannot be fully 
explained by double exchange alone in 1995 There- 
after, several theories have been proposed to describe the 
physical properties of CMR materials more completely, 
one of which is phase separations (PS). 

In the low doping range {x < 0.2), the magnetic phase 
of LCMO is not homogeneous. The existence of mag- 
netic PS was verified by the simultaneous observation 
of ferromagnetic and antiferromagnetic nuclear magnetic 
resonance (NMR) signals at low temperature Q. Since 
the ferromagnetic metallic regions are embedded in the 
antiferromagnetic insulating regions, LCMO in this range 
shows ferromagnetic insulating behavior macroscopically. 
Since then, PS has been suspected as one of the possi- 
ble mechanisms of CMR effect. On the other hand, PS 
has been also observed near phase transition tempera- 
ture in LCMO for 0.2 < x < 0.5, which are homoge- 
neous ferromagnetic metals well below phase transition 
temperature These two kinds of PS are thought 

to be originated from different mechanisms, because the 
PS observed in the low doping range is the ground state 
and stable in a wide temperature range, while the PS ob- 
served for 0.2 < X < 0.4 occurs only near phase transition 
temperature. In this report, we will focus our discussion 
on the PS in low doped LCMO. 

Thoery predicts two different types of PS in low doped 
LCMO. One is the charge segregation type and the other 
is the electroneutral type. Yunoki studied the 2- 
orbital Kondo model including the classical Jahn- Teller 



phonons and found that PS is induced by the orbital de- 
grees of freedom. In such a case, the charge density of 
Cg electron is not stable at a special value of chemical 
potential, resulting in two regions with different charge 
densities. The size of both regions is expected to be very 
small, about the order of nanometer, due to the extended 
Coulomb interaction. Recently, Uehara presented TEM 
images of Las/g.yPryCas/gMnOs ||^ which shows the 
mixture of the charge ordering phase of Lao.sCao.sMnOa 
type and ferromagnetic phase at low temperature. The 
sizes of both regions are about 0.5 ^m, which is too large 
to be explained by the charge segregation type PS. On 
the other hand, Nagaev paid attention to the PS induced 
by nonuniformly distributed oxygens |^ . He pointed out 
that the regions enriched with oxygen have an enhanced 
hole density and the holes establish local ferromagnetic 
ordering, whereas the remained regions are poorly con- 
ductive and antiferromagnetic due to the electron-hole 
recombination. In this case, PS is the electroneutal type 
because the densities of holes and excess oxygens are 
same in a given region, and the region sizes can be much 
larger than those of the charge segregation type PS. Sev- 
eral reports have supported the existence of PS, but it 
still remains unclear which scenario is more correct in 
low doped LCMO. There have been many works which 
showed that oxygen plays an important role in determin- 
ing electromagnetic properties of LCMO ||l^,|ll|, but it's 
effects on PS have never been studied. In this work, we 
report that the electroneutral percolative PS is formed 
in low doped LCMO by excess oxygens. Experimental 
results provide an evidence for the fact that the PS in 
the low doping range is one source of CMR. 

Two polycrystalline samples of Lao.8Cao.2Mn03+a 
with different 5 values were synthesized by the conven- 
tional solid state reaction method. The starting materials 
were La203, MnCOs, and CaCOa. Calcining and sinter- 
ing with intermediate regrinding were repeated in the 
temperature range of 1000 °C - 1350 "C for four days. 
Sample 1 was obtained by annealing in air at 1100 °C 
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for two days, and sample 2 was obtained by additional 
grinding, sintering and annealing of a part of sample 1 in 
oxygen flow (200 cc/min) at the same temperatures with 
sample 1. The crystal structures were examined by x-ray 
powder diffraction with Cu Ka radiation. Both samples 
were single phase and orthorhombic. The lattice param- 
eters of sample 1 and 2 were ai=5.489 A, &i=5.496 A, 
ci=7.765 A, and a2=5.502 A, &2=5.507 A, C2=7.777 A, 
respectively. Resistivity was measured using the conven- 
tional four-probe method, and magnetization was mea- 
sured by a commercial SQUID magnetometer. Zero field 
NMR spectra were obtained by using a spin-echo tech- 
nique. 

Fig. 1 shows the temperature dependence of magneti- 
zation at 1 Tesla. The paramagnetic Curie temperatures 
(Tc) of sample 1 and 2 are 191.5 K and 192.2 K, respec- 
tively. The difference of Tc values less than 1 K indicates 
that the difference between 6 values of sample 1 and 2 
is less than 0.02 |10|. The magnetizations of sample 1 
and 2 at low temperature were almost same, and the 
magnetic field dependences of the magnetizations were 
almost same either. 

Though the macroscopic magnetic properties of two 
samples are very similar quantitatively, local magnetic 
environments are quite different as seen in the ^^^La 
NMR spectra obtained at 78 K (Fig. 2). In the fig- 
ure, two differences are noticeable between the spectra of 
sample 1 and 2. First, the signal intensity of sample 2 is 
about five times that of sample 1, and second, the reso- 
nance frequency of sample 2 is higher and the linewidth 
is much broader, especially in the high frequency side. 
We discuss about the difference of signal intensity first. 

The NMR signal intensity of a ferromagnet in zero field 
is proportional to viVHl/T, where rj is the enhancement 
factor, V is the volume of the ferromagnetic region of a 
sample, and Hl is the local field at the nuclei of inter- 
est. Since magnetization which is proportional to V does 
not change, the NMR signal intensity change at a given 
temperature and a frequency by extra oxygens is due to 
the change of the enhancement factor. Fig. 3 provides 
experimental evidences for this claim. Fig. 3(a) shows 
that sample 2 gives the maximal signal at the much lower 
rf power than sample 1 , meaning that rf field is more en- 
hanced in sample 2 than in sample 1. The rf enhance- 
ment factors of sample 1 and 2 are about 22 and 105, 
respectively. 

Fig. 3(b) shows the normalized NMR signal intensity 
vs. external magnetic field obtained at the fixed rf power 
which makes the maximal signal in zero field. In this fig- 
ure, we notice that the signal of sample 2 decays almost 
to zero while that of sample 1 decays slowly approaching 
the saturation field, about 3 koe. These are the typical re- 
sponses of single and multi-domain ferromagnets, respec- 
tively. The signal of sample 1 decays a little because the 
enhancement factor decreases with external field. On the 
other hand, the drastic signal decay of sample 2 means 



that domain walls disappear approaching the saturation 
field. Therefore, these results show that sample 2 has 
domain walls while sample 1 does not. The NMR sig- 
nal of sample 2 comes mostly from domain walls because 
the enhancement factor is usually orders of magnitude 
larger in domain walls than in domain in general [ p2[ . 
The size of ferromagnetic clusters embedded in the an- 
tiferromagnetic host of sample 1 is not large enough to 
form multi-domain state. The local ferromagnetic order- 
ings generated by excess oxygens connect some of these 
ferromagnetic clusters and domain walls are formed on 
them. 

In fact, these connected ferromagnetic clusters make 
also percolative conduction paths as shown in Fig. 4 dis- 
playing the temperature dependence of resistivity. The 
resistivity of sample 1 shows an insulating behavior ex- 
cept a small bending near phase transition, while that of 
sample 2 shows a broad peak in the temperature range 
of 170 K - 140 K and a metallic behavior below 140 K. 
The metallic behavior of sample 2 at low temperature im- 
plies that electric transport paths are formed by excess 
oxygens. 

The temperature dependence of the La NMR signal in- 
tensity of sample 2 shown in Fig. 5 supports the simulta- 
neous generation of conduction paths and domain walls. 
The signal intensity of homogeneous ferromagnets such 
as LCMO for 0.2 < a; < 0.5 well follow Curie's T~'^ law 
except in the narrow region near Tc |^]. However, the 
signal intensity of sample 2 decreases much faster than 
T~^, and almost disappears near 140 K where the metal- 
lic behavior fades out (Fig. 4). This means that the 
total volume of domain walls decreases as temperature 
increases and the ferromagnetic and metallic conduction 
paths vanish near 140 K. As approaching this tempera- 
ture from below, ferromagnetic clusters are disconnected 
and therefore conduction paths are broken continuously. 

While the magnetoresistance (MR) curve of stoichio- 
metric perovskite manganite crystals show only one peak 
near Tc, that of sample 2 shows one more peak near 140 
K as seen in Fig. 4. The MR peak near 170 K is an 
ordinary CMR peak due to the suppression of spin fluc- 
tuation by external field, while the peak near 140 K is 
undoubtedly related with PS. It is worthwhile to note 
that the MR near the temperature where the percolative 
PS is induced is as large as that near the phase transi- 
tion temperature. External field helps connecting clus- 
ters somehow. 

We now discuss the second difference of the spectra 
of sample 1 and 2, the difference in resonance frequency 
and linewidth. The local field Hl at the position of a 
non-magnetic La'^+ ion can be described as 
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j^j + Hd-di 



where A is the transferred hyperfine coupling constant 
and rij is the number of the j-site Mn moments /ij , sur- 
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rounding the La ion. Hd-d is the dipolar field summed 
over all Mn magnetic moments. In perovskite mangan- 
ites, the dipolar field is negligible and the main contri- 
bution to Hl comes from the transferred hyperfine field. 
The transferred hyperfine field is thought to be produced 
by the tt type overlapping between the Mn t2g electron 
wave function and the oxygen |2p^) wave function, and 
the cr bonding of the oxygen with the \sp^) hybrid states 
of the La'^+ ion ||l3|. That is, an indirect transferred 
hyperfine field of the Fermi contact type is mediated by 
oxygens. Therefore, the constant ^ is a function of the 
distance between oxygens and a La'^+ ion, and the num- 
ber of the oxygens surrounding the La'^^ ion. rij and 
are almost same in two samples. The distance between 
oxygens and a La^+ ion is not an important factor mak- 
ing the difference of the NMR peak frequencies because 
the peak frequency of sample 2 is higher than that of 
sample 1 even though the lattice constants of sample 2 
are slightly larger than those of sample 1 Therefore, 
the difference of peak frequencies should be attributed 
to the difference of the number of oxygens surrounding a 
La^"*" ion. That is to say, the peak frequency of sample 2 
is increased due to the excess interstitial oxygens. There 
is a report that LaMn03+5 with excess oxygens is charac- 
terized by cation vacancy in La and Mn sites rather than 
by interstitial anions m. In this case, however, the lat- 
tice parameters decrease as 5 increases contrary to our 
case Moreover, the NMR spectrum of LaMnOa+a 

having cation vacancy is well fitted by a single gaussian 
curve while our sample 2 is not as discussed below. 

The La NMR spectrum of sample 2 is asymmetric and 
broader than that of sample 1 in the high frequency side. 
Since 5 is less than 0.02, homogeneous distribution of 
oxygens cannot enhance the signal in the high frequency 
side as much as the spectrum in Fig. 2. Therefore, oxy- 
gens aggregate to make local ferromagnetic orderings in 
consistence with Nagaev's claim that oxygens have a ten- 
dency to concentrate. One of the reasons why conduction 
paths are continuously disconnected as approaching 140 
K could be the distribution of excess oxygens becoming 
more and more uniform as temperature increases. 

Contrary to La nuclei, the local field at Mn nuclei is 
negligibly influenced by the local distribution of oxygens 
because the hyperfine field of the direct Fermi contact 
type generated by it's own Sd electrons is much stronger. 
Therefore, the gaussian shape of the Mn NMR spectrum 
does not change by the presence of excess oxygens as 
shown in the inset of Fig. 2. The ^^Mn NMR spectra are 
motionally narrowed by the fast hopping of Cg electrons 
between Mn^+ and Mn'*+ ion sites Only the Mn 

nuclei in ferromagnetic regions with the delocalized e^ 
electrons contribute to the ^^Mn NMR signal. The local 
field at Mn nuclei is proportional to the number of aver- 
age delocalized Cg electrons. The peak frequency shift by 
excess oxygens is not less than 10 Mhz. If the distribution 
of holes is uniform, such a shift corresponds to 5 ~0.075 



JlSf , while 5 of sample 2 is less than 0.02. This means 
that the holes are concentrated in ferromagnetic regions. 
The results of La and Mn NMR imply the concentrated 
oxygens and holes in ferromagnetic regions, respectively. 
This support the fact that the PS in low doped LCMO 
is the electroneutal type. Moreover, considering the easy 
formation of conduction paths by the aggregation of ex- 
cess oxygens less than 0.7 %, the size of ferromagnetic 
clusters are not so small as predicted by the charge seg- 
regation type PS. 

In conclusion, the excess oxygens have a tendency to 
aggregate and change surroundings into ferromagnetic 
phase. These local ferromagnetic regions connect fer- 
romagnetic clusters previously existed in stoichiometric 
samples, which are suspected to be also generated by in- 
homogeneous distribution of oxygens. This connection 
produces percolative conduction paths on which domain 
walls are formed. The observed PS is rather a electroneu- 
tral type than a charge segregation type. As temperature 
increases, the MR peak was observed at the temperature 
where the percolative PS disappears in addition to the 
ordinary peak near the phase transition temperature. 



[1] S. Jin et ai, Science 264, 413 (1994). 
[2] C. Zener, Phys. Rev. 82, 403 (1951). 
[3] A. J. Millis et al, Phys. Rev. Lett. 74, 5144 (1995). 
[4] G. Allodi et al, Phys. Rev. B 56, 6036 (1997). 
[5] M. K. Gubkin et ai, JETP Lett. 60, 57 (1994). 
[6] Joonghoe Dho et al, Phys. Rev. B 59, 492 (1999). 
[7] S. Yunoki et ai, Phys. Rev. Lett. 81, 5612 (1998). 
[8] M. Uehara et ai, Nature 399, 560 (1999). 
[9] E. L. Nagaev, Phys. Lett. A 218, 367 (1996). 
[10] S. Tamura, Phys. Lett. A 78, 401 (1980). 
[11] H. L. Ju et at, Phys. Rev. B 51, 6143 (1995). 
[12] E. A. Turov et al, Nuclear Magnetic Resonance in Ferro- 
and Antiferromagnets (Halsted Press, New York, 1972). 
[13] G. Papavassiliou et al, Phys. Rev. B 55, 15000 (1997). 
[14] G. Papavassiliou et ai, Phys. Rev. B 59, 6390 (1999). 
[15] B. C. Tofield et al, J. Solid State Chem. 10, 183 (1974); 

J. H. Kuo et at, J. Solid State Chem. 83, 52 (1989). 
[16] R. Mahendiran et ai, Phys. Rev. B 53, 3348 (1996); J. 
Topfer and J. B. Goodenough, J. Solid State Chem. 130, 
117 (1997); A. M. De Leon-Guevara et al, Phys. Rev. B 
56, 6301 (1997). 
[17] Gen Matsumoto, J. Phys. Soc. Jpn. 29, 615 (1970). 
[18] Joonghoe Dho et al, accepted to PRB. 



3 





70 - 


. — , 






60 - 












50- 










o 


40- 


CO 




N 
■+-' 


30- 


<u 




c 




05 


20- 


CO 






10- 






0- 




■ sample 1 
o sample 2 



50 



250 



FIG. 
1 Tesla. 



100 150 200 

Temperature (K) 
The temperature dependence of magnetization at 



.t; 9- 

3 



(0 



6- 



(0 



-io 3H 

(0 
(0 



Sample 1 
Sample 2 



o 
o 



10- 

_ 08- 
ra 

^ 004- 

o i 

O 002- 

O 00- 



o 



efP 

350 350 370 380 390 400 410 

Frequency (M hz) 



10 




20 25 

Frequency (Mhz) 



30 



35 



FIG. 2. The zero field "^La NMR spectra obtained at 78 
K. The frequency and and the spin-spin relaxation time de- 
pendences of signal intensity were removed. Inset: the zero 
field -'-'Mn NMR spectra obtained at 78 K. The intensity of 
sample 1 is about forty time amplified. 
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FIG. 3. The rf-power dependence(a) and external magnetic 
field dependence(b) of ^^^La NMR signal intensity obtained 
at 78 K. 
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FIG. 4. The temperature dependence of resistivity and 
magnetoresistance (MR). The MR value is defined as 
(p(0) - p(9 koe))/p(0). 
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FIG. 5. The temperature dependence of the ^^''La NMR 
intensity of sample 2. The signal dependence on the spin-spin 
relaxation time and frequency were carefully eliminated from 
the raw data. The solid line represents a T"'^ curve. 
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